
2564

Heat of Formation of the CH3CO Radical

Published in Journal of Physical Chemietn'y, March 10, 1994, pp. 2564-2566, by the American Chemical Society

Charles W. Bauschlicher, Jr.

NASA Ames Research Center, Moffett Field, California 94035

Received: December 2, 1993 e

,-{.//_/'

The heat of formation of the CH3CO radical has been determined at high levels of theory using an isodesmic

reaction. Our best value is -0.55.4- 0.6 kcal/mol at 0 K (or -2.2 ± 0.7 koal/moi at 298 K), which supports

the recent experimental value of Niiranen et al. over the many older values. The other bond energies in

acetaldehyde are computed using the G2(MP2) approach.

Introduction

The heat of formation of the CH3CO radical has been

determined on several occasions t-16 (see Table 1). The exper-
imental literature before 1992 supports a value of about -5 kcal/
mol for the heat of formation. Yadav and Goddard m7studied

acetaldehyde and its dissociation using relatively low levels of

theory. While the calculations illustrated the character of the

potential energy surface, they were incapable of accurately

determining the heat of formation of CH3CO. The more accurate
calculations of Francisco and Abersold Is support a heat of

formation of around -5 kcal/mol, especially if one takes their

value from scheme 1 (--4.9 kcal/mol) in preference to their average

value. That is, their reaction which involves breaking a C-H

bond is expected to be more accurate than their scheme which

involved breaking a C--CI bond, because it is easier to describe
a C-H bond than a C--CI bond. Also in 1991, Radom and co-

workers _6computed the C-H bond energy in acetaldehyde using

theG1 approach, is Their bond energy (at 0 K) was 3.8 kcal/mol

larger than the experimental value (derived from a heat of

formationt3 at 298 K of-5.4 kcal/mol). Because the G 1 approach

is usually accurate to 4-2 keal/mol, they suggested that the acetyl

radical heat of formation was several keal/mol smaller in

magnitude than experiment. Unfortunately, they did not pursue

this suggestion as the acetyl radical was only a minor aspect of

their study. Recently, Niiranen et al) 4 determined a heat of

formation of-2.39 4- 0.29 keal/mol for CH3CO from a kinetics

study of the reaction CH3CO + HBr. This value supports the

suggestion of Radom and co-workers that the older values are too

large in magnitude.

In this work we determine the heat of formation of CH3CO

using high levels of theory in conjunction with large basis sets.

In addition, we determine all of the other bond energies in CH3-

CHO using the G2(MP2) approach. 19 The G2(MP2) appreaeh

combines a highly accurate method in small basis sets with a

more approximate method in a large basis set and an empirical

correction, and it is therefore a very cost effective method of

computing bond energies accurate to about 4-2 keal/mol.

Methods

In the first set of calculations, the G2(MP2) approach m9is

used to compute all of the bond energies in CH3CHO. In the
second set of calculations, the CH3CO--H bond energy is studied

using the isodesmic reaction,

CH 3 + CH3CHO--*-CH 4 + CH3CO (1)

This reaction is studied at several levels of theory using the

correlation consistent polarized valence triple-zeta (cc-pVTZ)

sets of Dunning. 2° We use both spin-restricted and spin-

• Abstract published in Advance ACS Abstracts, February 1, 1994.

TABLE 1: Summary of the Heat of Formation (in kcal/
tool) of CH3CO at 298 g

Experiment
acetone pyrolysis (1955) [I]* -10.8
azomethane/CO photolysis (1958) [2] -3.0
acetone pyrolysis (1962) [3] -6.2, -6.3
photoionization mass spectroscopy (1964) [4] -6.5
azomethane/CO photolysis (1965) [5] --4 q- 2
spectrophotometric technique (1966) [6] -6.3 4. 2.0
spectrophotometry (1966) [7] -5.4 4. 0.8
biacetyl pyrolysis (1969) [8] -5.1 4. 2.0
calorimetry (1969) [9] -5.8 * 0.4
electron impact (1969) [10] -2 4- 5
shock tube studies of ketone (1984) [11] -3.3
electron impact/mass spectrometry (1984) [12] -4.5
photoelectron spectroscopy (1989) [13] -5.4 4. 2.1
kinetics (1992) [14] -2.39 4- 0.29

Theory
MP2/MP4 (1991) [15]
G1 (1991) [16]
G2 present work
best estimate present work

--4.2 4- 2
-1.8 4" 2b
-1.8 4- 2
-2.2 4. 0.7

* Numbers in brackets are reference numbers, b Computed using the
reported C-H bond energy at 0 K and our correction to 298 K.

unrestricted Hartree-Fock (RHF and UHF, respectively) ref-
erence wave functions. Correlation is added to both reference

wave functions using socond-order Molier-Piesset perturbation

theory 21 (MP2) and the coupled cluster single and double
excitation approach 22 including a perturbational estimate of the
triple excitations, 23 which is denoted CCSD(T). We precede
these methods with an "R" or a "U" to indicated that an RHF

or UHF reference is used. This notation shows how the open-

shell calculations are performed, as the closed-shell calculations

are always RHF based. For the UHF reference, we also use the

quadratic configuration interaction method 24 including a per-

turbational estimate of the triple excitations [QCISD(T)]. To
study the effects of one-particle basis set saturation, the RMP2
level of theory is also considered using the cc-pV quadruple-zeta

(cc-pVQZ) basis sets. 2°

For the study of reaction 1, the geometries are obtained at the

UMP2 level of theory using the 6-311+G(3df,2p) basis set. 2s
The vibrational frequencies are obtained at the same level of

theory; the zero-point correction is computed as 0.98 times one-
half the sum of these MP2 frequencies. This scaling factor is
based on the observation of Grey, Janssen, and Schaefer 2s that

averaging half the sum of the fundamentals and half the sum of
the harmonic frequencies yields a much better approximation to

the zero-point energy, and our observation 27 that 0.96 times the
MP2 frequencies computed using the 6-31 l+G(3df,2p) basis set

yields good agreement with the experimental fundamentals for
CH3OH and CH2OH.

We adopt a C-H bond energy for methane of 103.35 4- 0.2

kcal/mol. This value is consistent with the value (103.24 4- 0.12
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TABLE 2: G2(MP2) Bond Energies (in kcal/mol) for
Acetaldehyde at 0 K

G2(MP2) GI"

CH3CHO -" CH3CO + H 88.74 88.7
CH3CHO -" CH2CHO + H 95.92 95.6
CH3CHO -" O(3P) + CH3CH(3A ") i 86.56
CH3CHO -* CO + CH4 -7.60 b -6.9
CH3CHO _ HCO + CH3 83.51 84.1

° Reference 16. b The experimental value 31 is -6.03 kcal/mol.

kcal/mol) determined by Chupha 28 from the photoionization
spectrum of methane and the value deduced (I 03.45 4. 0.1 kcal/
mol) from the CH3 heat of formation at 298 K by Dobis and
Benson29 from the reaction of metbane with C1. It is atso consistent

with the C-H bond energy for CH4 deduced (103.2 4- 0.3 kcal/

moo from the CH3 heat of formation by Russell et al. 3°

The heat of formation of CH3CO is computed using the known 3t

heats of formation of CH3CHO and H and the heat of reaction
1. The heat of formation is corrected to 298 K using our computed

vibrational frequencies, except for the torsion of the CH3 group,

which is treated as a hindered rotor following Pitzer and co-
workers. 32 The barrier is computed following the ideas of the

G2(MP2) approximation: (1) the equilibrium and saddle point
geometries are optimized at the MP2 level of theory using a
6-3 IG* basis set; (2) at these geometries, using the 6-311G**
basis set, the energies are computed using the QCISD(T) method;
and (3) these QCISD(T) energies are corrected for basis set

limitations using the difference in the MP2 energies between the

6-311G** and 6-31 l+G(3df,2p) basis sets.

The calculations were performed using ACES II, 33 Gaussian
90, 34 Gaussian 92, 3s or DISCO 36 on the NASA Ames Central
Computing Facility or NAS CRAY C90 computers or on the

Computational Chemistry IBM RS/6000 computers.

Results and Discussion

We first consider all the bond energies in acetaldehyde--see

Table 2. There is very good agreement between the G1 and
G2(MP2) levels of theory. As the heats of formation of CO and
CH4 are well-known) t we can compare our result for this

dissociation pathway with experiment. The G2(MP2) result
differs with experiment by 1.6 kcal/mol, which is within its
estimated accuracy of 4-2 kcal/mol. The G1 result is in slightly
better agreement with experiment. The calculations show that

the methyl hydrogen is about 7 kcal/mol more strongly bound

than the aldehyde hydrogen. We also find that it takes about 5

kcal/mol more energy to remove the aldehyde hydrogen than the

methyl group. As expected, the C--O double bond is quite strong.
The G2(MP2) results support the suggestion 16that the CH3CO
heat formation is not _--5 kcal/mol. However, as the comparison

of experiment with the G2(MP2) result for dissociation to CO

+ CH4 shows, a more accurate calculation is required to
definitively determine the CH3CO heat of formation.

In Table 3 we summarize the heat of reaction 1. The UHF

and RHF results are very similar, differing by only 0.26 kcal/
tool. The difference between the UMP2 and the RMP2 results

is larger, -0.63 and 0.73 kcal/mol, for the ACES II and DISCO
implementations, respectively, but these differences are smaller
than that (1.36 kcal/mol) between the two RMP2 implemen-
tations. At higher levels of theory the agreement between the
RHF and UHF based approaches is very good; for example the
difference between the RCCSD(T) and UCCSD(T) results is

only 0.06 kcal/mol. Note that the QCISD(T) result is very similar
tothe RCCSD(T) and UCCSD(T) results. Because the DISCO

implementation of RMP2 agrees very well with the CCSD(T)
results, we apply this level of theory to the larger cc-pVQZ basis
set. This leads to only a small change in heat of reaction.

Our best estimate for the heat of reaction 1 is -l 6.92 kcal/mol.
We obtain this by correcting the RCCSD(T) result from the
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TABLE 3: Heat of Reaction for CH3 + CHaL-_IO --* CH4 +
CH3CO and the Aldehyde C-H Bond Eaergy (in keai/moi)

heat of reaction C-H
without zero-point bond energy"

cc-pVTZ Basis Set
UHF - !0.86 94.28
UMP2 -17.27 87.86

QCISD -16.20 88.94
QCISD(T) -16.96 88.18
UCCSD - 15.66 89.48
UCC_D(T) -16.74 88.39
RHF -10.60 94.54
RMP2(ACES IIb) -17.90 87.24
RMP2(DISCO0 -16.54 88.60
RCCSD -15.58 89.56

RCCSD(T) -16.80 88.34

cc-pVQZ Basis Set
RHF -10.63 94.50
RMP2(DISCO) -I 6.66 88.48

a The computed heats of reaction are corrected for zero-point effects
(1.79 kcal/mol) using the scaled (0.98) MP2 frequencies. The exper-
imental C-H bond energy in CI-Lt is taken to be 103.35 kcal/mol, _ee
text. b Indicates that the ACES II33 implementation of RMP2 is used.
c Indicates that the DISCO _ implementation of RMP2 is used.

cc-pVTZ basis set with the change in the RMP2 results between

the cc-pVTZ and cc-pVQZ basis sets. Because of the small (0 12

kcai/mol) change between the cc-pVTZ and cc-pVQZ basis sets,
we suspect that further basis set saturation will make only a small
change in the result. The small change in bond energy between

the CCSD and CCSD(T) levels of theory suggests that we are

near the n-particle limit. Because of the modest-sized effect of
electron correlation, the small effect of triple excitations, and _he

small change in the MP2 results with basis set improvement, we
estimate that our computed heat of reaction (without zero-point
effects) is accurate to 4-0.2 kcal/mol.

The zero-point contribution to the reaction is computed to be

1.79 kcal/mol using the scaled MP2 frequencies---see Table 4.

An alternative value of 1.95 kcal/mol is obtained from the scaled
(0.9126) 6.31G* SCF frequencies. We use the MP2 results but

take the difference between the two approaches as a measure of

the uncertainty in our value. Combining this with our best
estimate for the heat of reaction 1 and the experimental C-H

bond energy in CH4 yields an aldehyde C-H bond energy of

88.22 4- 0.6 kcai/mol, where the uncertainty reflects our estimates

for the uncertainty in the heat of reaction 1 (0.2 kcal/mol), the

uncertainty in the zero-point correction (0.16 kcal/mol), and the

uncertainty in the CH4 bond energy (0.2 kcal/mol). Since the
first two quantities are only estimates, we add all three together
to compute our estimated uncertainty are only estimates, we add

all three together to compute our estimated uncertainty in the
bond energy. It is interesting to note that the G2(MP2) Ixmd

energy is in good agreement with our best estimate.

When we compute the correction to 298 K, we treat the CH3
motion as a hindered rotation. We therefore compute the barrier

for this rotation. For CH3CHO in the 6.311G** basis set, we
find a barrier of 1.173 and 1.106 kcal/mol at the MP2 and

QCISD(T) levels of theory, respectively. The MP2 results in the

larger 6-311 +G(3df,2p) basis set is 1.128 kcal/mol. Correcting

the QCISD(T) result with the difference between the MP2 results
leads to our best estimate of 1.06 kcal/mol for the barrier to CH3

rotation. For CH3CO our best estimate for the barrier is 0.48

kcal/mol, which is derived from the computed barriers of 0.419,
0.371, and 0.526 kcal/mol, for the MP2, QCISD(T), and MP2-

(631 l+G(3df,2p)) levels of theory, respectively. We compute

0.4095 and 0.3413 kcal/mol for the contribution of this rotation
to /'/0298 -- H°0 for CH3CHO and CH3CO, respectively. We
treat the remaining modes as harmonic oscillators, leading to the

total correction given in Table 5.

Using our best estimate for the C-H bond energy and the
known 31 heats of formation for CH3CHO and H, we compu:e a
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TABLE 4: Summary of the Geometrical Parameters

Computed at the MP2 Level in the 6-311+G(3df,2p) Basis
Set," and Unsealed MP2 Frequencies

degree of freedom CH_CHO CH3CO

Cv-O 1.210 1.182
Cv-C2 1.494 1.501

Ct-Hd 1.105
Cz-H, 1.084 1.088

C2"Hb.¢ 1.089 1.086

/C2CIO 124.5 128.6

LOCtHe 115.5
LCIC2H, 110.8 111.2

LCIC2Hb,c 109.4 108.4

HbC2CIO 121.6 121.8
a p

w, C-H stretch 3215 3196

_o2C-H stretch 3084 3088
_o3C-Hd stretch 2965

_o4C-O stretch 1787 1936

w5 CH_ deformation 1485 1485
_6 C-Ha bend 1435

CH3 deformation 1394 1374
,,_ C-C stretch 1147 1070

CH3 rock 910 897

_to C-C-O bend 510 471

a tr

'_l I C-H stretch 3164 3201
t2 CH3 deformation i 494 1482

'_13 CH3 rock 1140 966

o,14 C-Hd bend 781

tol s torsion 160 ! 09

* The bond lengths are in A, and the angles in degrees. Ct is the carbon

bonded to the oxygen, while C2 is the methyl carbon. Hs, for n = a, h,

and c are the three methyl H atoms, while I-_ is the remaining H atom.
HI and Hd are in the plane of the carbons and oxygen and Hb and I-Ic

are the equivalent H atoms above and below this plane. Both molecules

have Cj symmetry.

TABLE 5: Thermodynamic Quantities Used in This Work j

molecule AH*o AHOr_ H*_ - H*o

H 51.626 52.095 1.481

CH3CHO -37.139 -39.720 3.043 b

CH3CO b --0.55 -2.20 2.957

* All values are in kcal/mol and are taken from ref 31 unless otherwise
noted, b Present work.

heat of formation for CH3CO of -0.55 ± 0.6 kcal/mol at 0 K.

We correct this to -2.20:1:0.7 keal/mol using our computed

/'/*298 -/'/% values summarized in Table 5. We have increased

in uncertainty by 0.1 kcai/mol to account for limitations of this

correction. For example, the computed H°298 - ]'/m0 value for

CH3CHO is 0.03 kcal/mol smaller than that given by Wagman

et al) t Also the computed value for CH3CO would be 0.11 kcal/

mol larger if all modes were treated as vibrations rather than

treating the CH3 torsion as a hindered rotation.

Conclusions

Our best estimate of-2.2 :l: 0.7 kcal/mol for the heat of

formation of CH3CO is in excellent agreement with the exper-

imental value (-2.39 4- 0.29 kcal/mol) determined by Niiranen

et ai) 4 Because we have made conservative estimates of the

errors in our computed results, we believe that, in spite of the

Bauschlicher

large number of values, we can rule out all the heats of formation

below -3.0 kcal/mol.

References and Notes

(1) Szwarc, M.; Taylor, J. W. J. Chem. Phys. 1955, 23, 2310.
(2) Calvert, J. G.; Gruver, J. T. J. Am. Chem. Soc. 1958, 80, 1313.
(3) O'Neal, E.; Benson, S. W. J. Chem. Phys. 1962, 36, 2196; 1962, 37,

540.
(4) Murad, E.; Inghram, M. G. J. Chem. Phys. 1964, 41,404.
(5) Kerr, J. A.; Calvert, J. G. J. Phys. Chem. 1965, 69, 1022.
(6) Golden, D. N.; Walch, R.; Benson, S. W. J. Am. Chem. Soc. 1965,

87, 4053.
(7) Walch, R.; Benson, S. W. J. Phys. Chem. 1966, 70, 3751.
(8) Hole, K. J.; Mulcahy, M. F. R. J. Phys. Chem. 1969, 73, 177.
(9) Devote, J. A.; O'Neal, H. E. J. Phys. Chem. 1969, 73, 2644.

(10) Haney, M. A.; Franklin, J. L. Trans. Faraday Soc. 1969, 65, 1794.
(11) Tsang, W. Int. J. Chem. Kinet. 1984, 16, 1543.
(12) Holmes, J. L.; Lossing, F. P. Int. J. Mass Spectrom. Ion Processes

1984, 58, !13.
(13) Nimlos, M. R.; Soderquist, J. A.; Ellison, G. B. J. Am. Chem. Soc.

1989, 11I, 7675.
(14) Niiranen, J. T.; Gutman, D.; Krasnoperov, L. N. J. Phys. Chem.

1992, 96, 5881.
(15) Francisco, J. S.; Abersold, N. J. Chem. Phys. Lett. 1991, 187, 354.
(16) Smith, B. J.; Nguyen, M. T.; Bouma, W. J.; Radom, L. J. Am. Chem.

Soc. 1991, 113, 6452.
(17) Yadav, J. S.; Goddard, J. D. J. Chem. Phys. 1986, 84, 2682.
(18) Pople, J. A.; Head-Gordon, M.; Fox, D. J.; Raghavachari, K.; Curtiss,

L. A. J. Chem. Phys. 1989, 90, 5622.
(19) Curtiss, L. A.; Raghavachari, K.; Pople, J. A. J. Chem. Phys. 1993,

98, 1293.
(20) Dunning, T. H. J. Chem. Phys. 1989, 90, 1007.
(21 ) Pople, J. A.; Binkley, J. S.; Seeger, R. Int. J. Quantum Chem. Syrup.

1976, I0, 1.
(22) Bartlett, R. J. Annu. Rev. Phys. Chem. 1981, 32, 359. Rittby, M.;

Bartlett, R. J. J. Phys. Chem. 1988, 92, 3033.
(23) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.

Chem. Phys. Left. 1989, 157, 479.
(24) Pople, J. A.; Head-Gordon, M.; Raghavachari, K. J. Chem. Phys.

1987, 87, 5968.
(25) Frisch, M. J.; Pople, J. A.; Binkley, J. S. J. Chem. Phys. 1984, 80,

3265 and references therein.
(26) Grey, R. S.; Jansson, C. L.; Schaefer, H. F. J. Chem. Phys. 1991, 95,

5128.

(27) Bauschlicher, C. W.; Partridge, H. Chem. Phys. Left. 1993, 215, 451.
(28) Chupka, W. A. J. Chem. Phys. 1968, 48, 2337.
(29) Dobis, O.; Beoson, S. W. Int. J. Chem. Kinet. 1987, 19, 691.
(30) Rns_ll, J. J.; Seetula, J. A.; Scnkan, S. M.; Gutman, D. Int. J. Chem.

Kinet. 1985, 20, 759.
(31) Wagrnan, D. D.; Evans, W. H.; Parker, V. B.; Schumm, S. H.; Halow,

I.; Bailey, S. M.; Churney, K. L.; Nutall, R. L. J. Phys. Chem. Ref Data
1982, 11, Suppl. 1.

(32) Pitzer, K. S.; Gwinn, W. D. J. Chem. Phys. 1942, 10, 428. Pitzer,
K. S. J. Chem. Phys. 1946, 14, 239. Kilpatrick, J. E.; Pitzer, K. S. J. Chem.

Phys. 1949, 17, 1064.
(33) ACES II is computational chemistry package especially designed for

coupled cluster and many body perturbation calculations. The SCF,
transformation, correlation energy, and gradient codes were written by J. F.
Stanton, J. Gauss, J. D. Watts, W. J. Lauderdale, and R. J. Bartlett. The

two-electron integrals are taken from the veetorized MOLECULE code of J.
Almi6fand P. R. Taylor. ACES II includes a modified version of the ABACUS
integral derivatives program, written by T. Helgaker, H. J. Jensen, P. Jerensen,
J. Olsen, and P. R. Taylor, and the geometry optimization and vibrational
analysis package written by J. F. Stanton and D. E. Bernholdt.

(34) Gaus$ian 90, Revision J. Frisch, M. J.; Head-Gordon, M.; Trucks,
G. W.; Forcsman, J. B.; Sehlogel, H. B.; Raghavaehari, K.; Robb, M.; Binkley,
J. S.; Gonzalez C.; Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; Scoger, R.;
Melius, C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol,
S.; Pople, J. A. Gaussian, Inc.: Pittsburgh, PA, 1990.

(35) Gaussian 92, Reoision E.2. Frisch, M. J.; Trucks, G. W.; Head-
Gordon, M.; Gill, P. M. W.; Wong, M. W.; Foresman, J. B.; Johnson, B. G.;
Schlegel, H. B.; Robb, M. A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.;
Raghavaehari, K.; Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.;
Defr©es, D. J.; Baker, J.; Stewart, J. J. P.; Pople, J. A. Gaussian, Inc.:
Pittsburgh, PA, 1992.

(36) DISCO is a direct SCF and MP2 program written by J. Alml6f, K.
Faogri, M. Feyereisen, and K. Korsell. Also see: Alml6f, J.; Faegri, K.;
Korsell, K. J. Comput. Chem. 1982, 3, 385; Saebo, S.; Alml6f, J. Chem. Phys.
Lett.1987, 154, 521.




